A better understanding of lithium-silicon alloying mechanisms and associated mechanical behavior is essential for design of Si-based electrodes for Li-ion batteries. Unfortunately, the relationship between dynamic mechanical response and microstructure evolution during lithiation and delithiation has not been well understood. We use molecular dynamic simulations to investigate lithiated amorphous silicon (a-Si) with a focus to the evolution of its microstructure, phase composition and stress generation. The results show that the formation of Li x Si alloy phase is via different mechanisms, depending on Li concentration. In these alloy phases, increase of Li concentration results in reduction of modulus of elasticity and fracture strength but increase of ductility in tension. For a Li x Si system with uniform Li distribution, volume change induced stress is well below the fracture strength in tension.
I. INTRODUCTION
Li-ion battery (LIB) is increasingly used in various portable electronic devices and electric vehicles (EV) due to high energy/power density and long lifespan. 1, 2 To reduce the structural weight in transportation systems, novel Li-ion batteries with higher energy density is required. 3 Silicon, with its highest known theoretical specific capacity (i.e., 4200 mAhg -1 )
has emerged as a promising candidate as Li-ion battery anode material. 4 However, mechanical integrity of Si remains as a challenge due to its huge volume expansion (~300%). 5 When subjected to constraints imposed by electrode architecture, such enormous expansion can cause mechanical stress and fracture. 5, 6 Various strategies have been developed to improve the mechanical stability of silicon, including nanostructured electrodes, 7, 8 flexible binder materials, 9 and carbon based hybrids 10 etc. Recently there has been increasing interest in amorphous silicon (a-Si), owing to its robust lithiation behavior compared with its crystalline counterpart. 11, 12 fracture. 18, 19 These studies demonstrated a strong dependence of mechanical properties on phase composition. From recent first-principal calculations, the microstructural evolution such as Si-Si bond breaking and regeneration has been explained as responsible for the composition-dependent mechanical properties of lithiated silicon. [20] [21] [22] However, due to limitations in length-scale, the model cells in those first-principles calculations cannot fully represent the typical a-Si. Therefore, more work is required to understand the underlying structure-property relationship in lithiated silicon.
In this study, we use molecular dynamic simulations to investigate the volume expansion and stress development of amorphous silicon during lithiation and their dependence with phase composition and atomic structures. Through quantitative analysis of atomic structures, we find that the formation of Li x Si phase is via different mechanisms, depending on the Li concentration. Furthermore, our results indicate that the changed atomic mobility in lithiated silicon structures play a major role in transient mechanical properties.
The outcomes of this work are believed to be useful for design of Si based electrodes with improved mechanical stability.
II. METHODS
In the molecular dynamic (MD) simulation, the initial amorphous silicon (a-Si) atomic model is a cubic unit with side length 2.7 nm, which contains 1000 silicon atoms as shown in Figure 1 (a). The a-Si model was created by quenching molten silicon from 2400 o C to room temperature at a cooling rate of 10 12 Ks -1 . Modified Stillinger-Weber potential for aSi was used. 23 After structural relaxation, density of the generated a-Si was calculated as 2.291 gcm -3 . The a-Si atomic model was validated by comparing the radial distribution function (RDF) with existing experimental data 24 as shown in Figure 1 (b). The broad firstneighbor peak and absence of well-defined higher-neighbor peaks in the RDF confirm its amorphous structure. The average Si-Si coordination number was estimated to be about 4, confirming a tetrahedral structure as reported in literature. 24 Further, as shown in Figure 1( For crystalline silicon, lithiation may occur via a two-phase mechanism; 27,28 however, detailed lithiation mechanism of a-Si still remains unclear. [29] [30] [31] [32] To understand the effect of Li concentration, it is reasonable to assume a uniform dispersion of Li ion in the a-Si. To simulate lithiation-delithiation, a stepwise Li insertion and extraction procedure was used. 33 For each insertion step, 25 Li atoms were randomly distributed in the a-Si cell, and structural relaxation was carried out. Energy minimization was achieved when the forces on atoms were less than 10 -8 eV/Å. The simulation cell was equilibrated at 300K in isothermal-isobaric (NPT) ensemble for further 10ps. This procedure was repeated until the desired Li concentration was obtained. Similarly, delithiation was also simulated stepwise in which 25
Li atoms were removed randomly and the structure was relaxed in the NPT ensemble.
Atomic interactions during Li insertion and extraction were defined using MEAM-based interatomic potential for Li-Si alloys. 34 When the a-Si anode is attached to a rigid substrate as shown in Figure 1 (a), non-zero intrinsic stress generates along the substrate (in-plane) direction due to volume expansion. 19, 33, 35 To estimate such intrinsic stress in lithiated a-Si, the in-plane (x-and y-axis)
lengths of the simulation cell were fixed to mimic the constraint induced by the rigid substrate, and the volume expansion along the thickness (z axis) direction was set free. Based on the virial theorem, 36,37 the atomic stresses along the in-plane direction were calculated after each lithiation step by running MD simulations under the NVT ensemble for further 10 ps. Li atoms distribution in the cell is approximately uniform, to avoid the concentration gradient dependent stress. 38 To understand the mechanical properties of lithiated a-Si, uniaxial tensile tests along x axis (as shown in Figure 1 (a)) were also conducted to calculate the fracture strengths of several lithiated a-Li x Si structures at a constant strain rate of 10 8 s -1 . 39, 40 All simulations were performed using LAMMPS software, 41 which has been used for simulating mechanical properties of nanomaterials in our previous studies. [42] [43] [44] Atomic structure analysis and visualization was carried out using OVITO 45 and VMD 46 postprocessing tools.
III. RESULTS AND DISCUSSION

A. Lithiation-induced microstructural transformations
Amorphous silicon has a disordered tetrahedral structure where Si atoms are covalently bonded forming continuous random network (CRN). 24 With lithiation process, Li atoms react with Si to form Li x Si alloy phase, with Li to Si ratio (x) increasing up to 4.4. 4 In this work, Li x Si alloys (x=0 to 3.75) were simulated as these Li to Si ratios have been observed in room temperature lithiation. 14 
where r is the distance between the reference particle and found particle;
represents the number of atoms in specified pairs within the region   , r r r  , and ρ is the total bulk density of the considered particle. response which corresponds to the structural transformations described in section A.
In the first step, Li atoms occupy interstices between silicon rings, without breaking the tetrahedral CRN. As the covalent Si-Si bonds dominating the structure at this stage, volume expansion creates significant compressive stress. As Li concentration increases up to x=2.5, silicon structure breaks down to form Si-Li phases, with apparent stress relaxation.
Zhao et al. 22 demonstrated that Si-Li pair has a mixed ionic-covalent bond, weaker than covalent Si-Si bonds. Thus, stress relaxation observed at this stage may be attributed to the increased number of weak Li-Si pairs. This behavior is also described as plastic flow of Li x Si structure. 19, 22 With more Li invasion (up to x~2.5), compressive stress gradually decreases to ~1GPa. Interestingly, when x>2.5, no further increase of stress is observed. In general, plastic flow at a constant stress is usually observed when diffusing atoms are trapped in structural defects. For example, high temperature creep of some alloys is found to occur under constant stress, due to trapping of diffusing atoms in grain boundaries. 48 In this work, silicon clusters may act as diffusion barrier, contributing to constant-stress flow. During delithiation, the model volume start to contract and elastic unloading occurs, where restriction from the substrate converts the stress from compression to tension, as shown in Figure 4 . There is a sharp increase of tensile stress at lower Li concentrations, i.e., below ~0.5. This is associated with the possible recovery of covalent Si bonds at low Li-ion concentrations, which results in significant increase in stress along with volume contraction.
To understand the intrinsic mechanical behavior of lithiated Si, uniaxial tensile test was simulated in several Li x Si structures. Stress-strain curves of the uniaxial tensile tests are shown in Figure 5 (a). As shown in Table I 
IV. CONCLUSIONS
In this work, molecular dynamic simulation was used to evaluate the evolution of microstructure and mechanical stresses in amorphous silicon under electrochemical lithiationdelithiation process. Through short and medium range atomic structure analysis, it was found that Li-Si alloying reaction occurs via a three-stage mechanism. Firstly, Li atoms occupy interstitial sites of amorphous silicon, followed by the second stage, i.e., rapid breaking of the Interestingly, these stresses are found to be well below the fracture stress in tension, implying that the mechanical damage in Si-based Li battery electrodes is likely to be triggered by the cyclic tensile and compressive stresses.
